Autoimmune thyroiditis occurs in 10-25% of patients with type 1 diabetes (T1D). Most of these patients are also positive for thyroid peroxidase (TPO) antibodies. Thyroid dysfunction complicates T1D metabolic control and is a component of the autoimmune polyglandular syndrome (APS, type 2 or 3). Previous studies of isolated T1D and of T1D combined with other autoimmune disorders showed genetic susceptibility for alleles in HLA-DQB1 and -DRB1 and also CTLA4 and PTPN22.
Type 1 diabetes (T1D) results from the b-cell-specific destruction mediated by T cells in genetically susceptible individuals after triggering events. This organspecific destruction is not just confined to the pancreatic islets of Langerhans but may also affect the thyroid and other tissue targets leading to the autoimmune polyglandular syndrome type 2 (APS 2) (1). These immune-mediated disorders may occur combined in the same individual but also may be isolated diseases clustered in families (2) . A shared genetic predisposition has been shown to be common in all autoimmune endocrinopathies, specifically for T1D and thyroid autoimmunity (3).
Autoimmune thyroid diseases (AITDs) are among the most common immunemediated disorders and they enhance the risk to develop b-cell autoimmunity or overt T1D (4) . Thyroid dysfunction worsens diabetes as thyroid hormones play a crucial role in energy and metabolic regulation, with recent data pointing to both central as well as peripheral mechanisms involving AMPK (5, 6) . Furthermore, the pathogenesis of thyroid and b-cell autoimmunity displays similar T-cell infiltration and presumed activation signals (7, 8) . Signatures of T-cell imbalance can also be observed in the peripheral blood as indirect markers of the immune response (9) .
The Type 1 Diabetes Genetics Consortium (T1DGC) generated a large biobank of renewable (e.g., Epstein Barr virustransformed B-cell lines) and nonrenewable (e.g., serum and DNA) resources to clarify the genetic basis for T1D. The T1DGC has identified more than 40 susceptibility loci by genome-wide association and linkage studies (www.t1dbase.org). It also analyzed humoral immunity in affected sibling pairs by measuring thyroid peroxidase (TPO) autoantibodies (TPO-Ab) as indicators of AITD. These data have permitted, for the first time, an estimation of the prevalence of AITD in a large sample of familial T1D. Furthermore, the unique collection of ethnic subpopulations permitted an ethnic-specific characterization of T1D with associated diseases as well as TPO antibody status.
RESEARCH DESIGN AND METHODS
In total, 7,083 subjects with T1D were screened for TPO-Ab; 7,055 were genotyped for HLA class I (HLA-A, -B, and -C) and class II (HLA-DRB1, -DQA1, -DQB1, -DPA1, and -DPB1) alleles. Genotypes were assigned by high-resolution analysis using a PCR-based sequence-specific oligonucleotide probe system (10) for the eight distinct HLA genes. A total of 2,182 subjects were genotyped for T1D-associated single nucleotide polymorphisms (SNPs), including those in CTLA4, INS, PTPN22, and VDR. Targeted SNP typing used an Illumina custom array. The largest ethnic group comprised TPO-Ab were measured by radioimmunoassay (KRONUS, Star, ID), and thresholds for positivity were defined according to the manufacturer's instructions. TPO antibody titers were documented from 6,836 T1D subjects, while positivity or negativity for TPO was recorded from only 247 participants. Presence or absence of thyroid disease was defined in a previously collected detailed clinical questionnaire for T1DGC study participants.
Statistical analysis was performed using BiAS for Windows, epsilon 2007, for calculating allele frequencies. For each of the 47 most common (minor allele frequency .3%) alleles, allelic association was tested for seven related phenotypes (TPO, TD [thyroid disease], TPO+TD+, TPO+TD2, TPO2TD+, TPO-Ab++, and TPO-Ab++TD++) by logistic regression, clustered by family, with age and sex as covariates. Significance levels were determined using robust variance estimators. To correct for multiple testing, a P , 0.001 threshold was used for statistical significance. Screening for HLA allele associations was restricted to the 5,266 NHW subjects with HLA genotypes. Allelic associations identified in NHWs were tested in other ethnic groups and combined using the DerSimonian and Laird random-effects method to assess heterogeneity. Analyses were carried out using Stata (version 11.2; StataCorp, College Station, TX). Phased DR-DQ haplotypes were obtained from family data, in most cases including both parents as well as unaffected siblings.
RESULTS

Phenotypes of TPO Positivity and Thyroid Disease in T1D
Six clinical/immunogenic phenotype groups were distinguished by antibody profile and diagnosis of thyroid disease: 1) patients with or without TPO antibodies (TPO+ vs. TPO2), 2) those with or without thyroid disease (TD+ vs. TD2), 3) those with both TPO-Ab and thyroid disease (TPO+TD+), 4) those with TPO-Ab but without thyroid disease (TPO+TD2), 5) those with thyroid disease without TPO-Ab (TPO2TD+), and, as the reference group for the latter three phenotypes, 6) those T1D patients without thyroid disease or TPO autoantibody positivity (TPO2TD2). It should be noted that TPO positivity was found in both low titer (TPO-Ab+ ,75 units/L) and high titer (TPO-Ab++ .75 units/L) subject samples. Out of 7,083 T1D cases, there were 1,785 (25.2%) who tested positive for TPO antibodies, and 596 T1D cases (8.4%) reported a concomitant thyroid disorder.
The bimodal distribution of TPO antibody titers (TPO-Ab++/TPO-Ab+) was observed in both sexes and was not different when stratified by age of T1D onset (Fig. 1) . The majority of TPO-positive T1D patients were TPO-Ab++ (17.5%), only 8.6% were TPO-Ab+. As shown in Fig. 2 , only small groups had TPO-Ab+ and thyroid disease (1.3%) or were TPO2TD+ patients (1.7%). T1D patients with thyroid disease had a significantly (P , 0.0001) higher mean titer of TPO-Ab (115 units/L) compared with those without thyroid disease (43 units/L) (Fig. 3) . TPO positivity was associated with both age at sampling time and with female sex. Compared with the total study population, T1D patients who were TPO+ were significantly older (23.6 vs. 20.8 years) and more often female (63.9 vs. 50%), as were T1D TD+ patients (28.8 years and 74.7% female) ( Table 1) . For the combined phenotypes, TPO2TD2 are the youngest (19.5 years), followed by TPO+TD2 (22.0 years), TPO+TD+ (27.7 years), and TPO2TD+ (32.4 years) (P , 0.001). Female sex also predisposes to thyroid disease (OR 2.27, P , 0.001), regardless of TPO antibodies (TPO+TD+, 74.5% female; TPO2TD+, 75.3% female; P , 0.001). The sex bias is less apparent, although still significant, for TPO+TD2 patients (59.9% female, P , 0.001). Moreover, there were differences within the ethnic groups (Table 2 and Fig.  4) , with the highest prevalence of TPO autoantibody positivity in Hispanics (29.7%), which is consistent with the highest prevalence in TPO+TD+ patients (12%) despite their younger mean age (14 years in Hispanics vs. 22.5 years in NHWs).
TPO positivity is associated with GAD65 positivity and ATPase positivity. In those TPO-positive T1D subjects, more than one-half in each ethnic group is also positive for GAD65 (52.8% NHWs, 57.7% Hispanics, 73.0% blacks, and 57.8% Asians, all P , 0.004) ( Table 3 ). TPO positivity is less associated with ATPase positivity (39.5% NHWs, 42.2% Hispanics, 44.9% blacks, and 26.2% Asians, all P , 0.001) ( Table 4) . TPO positivity is also associated with 21-hydroxylase (21-OH) in NHWs (P , 0.001) and Hispanics (P = 0.008) but not in blacks (P = 0.287) ( Table 5) .
None of the 359 Asians tested were positive for 21-OH. There is no evidence for association between TPO positivity and IA-2 (Table 6) or TG (Table 7 ) positivity in any ethnic group.
Allele Frequencies of the MHC
In the series of HLA class I and class II genes in the MHC, 10 alleles showed significant allele frequency differences in one or more phenotypic subgroups of thyroid autoimmunity (Table 8) as identified by logistic regression analysis: class I HLA-A*2402 and class II HLA-DQA1*0101 and -DQA1*0301; HLA-DQB1*0301, -DQB1*0302, and -DQB1*0501; HLA-DRB1*0101, -DRB1*0401, and -DRB1*0404; and HLA-DPB1*0201. However, DRB1*0404 is in complete linkage disequilibrium (LD) with DQA1*0301-DQB1*0302, and also DRB1*0101 is in complete LD with DQA1*0101-DQB1*0501. In both cases, the HLA-DQ associations were secondary to LD with the HLA-DRB1 allele. Of the remaining alleles, the effects of A*2402, DQB1*0301, DRB1*0404, DPB1*0201 are independent, whereas the effects of DQA1*0301 and DRB1*0401 are secondary to LD with DQB1*0301.
For most of the alleles associated with thyroid autoimmunity, the pattern of association is similar for different phenotypic subgroups (Table 9 ). There is consistent association of DPB1*0201 both with patients with TPO positivity 
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, respectively). The protective effect of A*2402 has the strongest effect in individuals with manifest thyroid disease who are also TPO positive (7.3% TPO+TD+ vs. 12.0% TPO2TD2; OR 0.59, P , 0.0001). There was no evidence supporting an effect of A*2402 in manifest thyroid disease without TPO antibodies (11.6% TPO2TD+ vs. 12.0% TPO2TD2; OR 1.02, P . 0.5). The DRB1*0401 and DQB1*0302 alleles were significantly less frequent in subjects with TPO-Ab++ than with TPO-Ab+. In addition, they were also significantly less frequent in TPO+ subjects with high titers and thyroid disease (TPO-Ab++TD+) than in TPO+ subjects with low titers and no thyroid disease (TPO-Ab+TD2). This was seen for the DRB1*0401-DQB1*0302 haplotype but was not observed when DRB1*0401 was present on the same haplotype with DQB1*0301 or when DQB1*0302 was present on the same haplotype as DRB1*0404 (data not shown).
Association analyses in T1D patients of Asian, African, and Hispanic ancestry exhibited similar trends in the pattern of allele frequencies for A*2402, DRB1*0101, DRB1*0404, DPB1*0201, DRB1*0401, and DQB1*0302 alleles. The pooled estimate of effect sizes remained statistically significant for each of these alleles, even when combined with results for NHWs. However, the association of DQB1*0301 with TPO phenotypes showed significant heterogeneity across ethnicities (P , 0.015), and the pooled estimate of the effect of DQB1*0301 was no longer significant (P . 0.4 for TPO+; P . 0.9 for TPO+TD2). There were weaker indications of population differences in the association of the DRB1*0401-DQB1*0302 haplotype with TPO antibody titers (P . 0.1). Although the association of both DRB1*0401 and DQB1*0302 alleles was consistent across populations, it remained significant (P , 0.001) in the pooled analyses.
Other Gene T1D Risk Loci
No significant association could be detected for SNPs in the CTLA4, INS, or VDR genes with association to TPO positivity in T1D subjects. Although there were only slight significant differences in minor allele frequency for some SNPs, this could not be confirmed by regression analysis at a significance criterion of P , 0.001 to correct for multiple testing. The PTPN22 SNP coding for the R620W variant (rs2476601) reached nominal significance for association with TPO positivity (TPO+; P , 0.01) in comparison with TPO-negative participants.
CONCLUSIONS
We found a high prevalence of thyroid autoimmunity as well as thyroid disorders in the population of T1D subjects participating in the T1DGC Autoantibody Workshop. Participants of African ancestry had a lower prevalence of thyroid autoimmunity compared with those of Asian ancestry who had the highest prevalence; NHWs were classified as intermediate for thyroid autoimmunity. Ethnic differences in polyendocrine autoimmunity of T1D have not yet been described and warrant further investigation. Due to the smaller numbers in the Hispanic and African ancestry groups, the specific genetic contributions are underpowered in our study to address genetic contribution. These findings, however, provide new insights into the polyendocrine autoimmunity of T1D.
The bimodal distribution of TPO positivity in low-titer and high-titer groups is certainly of interest. Latent thyroid autoimmunity can be distinguished from advanced forms that are more frequently associated with manifest thyroid disease. Follow-up testing of both TPO-Ab and thyroid function should, therefore, be advised for all T1D subjects who are found to be antibody positive but unaffected by thyroid disease. Whether thyroid autoimmunity will progress to overt disease cannot be predicted at present. Yet as the autoimmune pathophysiology runs a slow course with advancing age, more T1D patients will develop thyroid disease in the long run.
Recently, four gene loci were associated with autoantibody positivity at genome-wide significance in a large cross-sectional cohort of 6,160 T1D affected siblings (11). Brorsson et al. (11) tested for association with seven diseasespecific autoantibodies and provided evidence that genetic control of antibody formation is distinct from T1D risk.
Conversely, testing for multiple islet autoantibodies was shown to be a useful predictive marker for risk of progression to T1D onset in patients with thyroid disease (12) . Hereby, the immunogenetic profile for T1D with thyroid autoimmunity may identify distinct pathways regulating polyglandular autoimmunity and disease.
In the ethnic group of NHWs, the strongest genetic association for thyroid autoimmunity with T1D is observed with DPB1*0201, found in nearly a fifth of all T1D patients with a thyroid disorder and in 18.1% of those with TPO positivity. Only the risk for having the DRB1*0404 allele was higher in patients with TPO positivity (OR 1.84) and thus greater than in T1D cases with thyroid disorders (OR 1.45). In contrast, significant protection was found with DRB1*0101 (OR 0.55 for TPO) and A*2402 present (OR 0.80 for TPO, OR = 0.72 for TD) ( Table 9) .
These findings are in agreement with earlier reports of genetic susceptibility in thyroid autoimmune disease that is shared across the spectrum of several autoimmune disorders (2, 3, 13, 14) . Those results demonstrate that HLA genes in the MHC are linked with Graves disease, not only in Caucasians but also in Han Chinese from Taiwan (15, 16) . The largest component of genetic susceptibility for several autoimmune diseases resides in the MHC (13, 17) . The specific role of HLA-DP contributing to the risk in T1D has only recently been shown (10) . Here, alleles of HLA-DP confer both significant susceptibility as well as protection. DPB1*0201 confers the highest risk in those T1D cases with thyroid disease but without antibodies and only slightly less risk in those with antibodies. In both groups, DPB1*0201 is the most prevalent risk allele (22.7% of TD patients without autoantibodies and 19.6% in TD cases with autoantibodies) that is otherwise observed only in 14% of T1D patients without thyroid autoimmunity.
The relatively high frequency of DPB1*0201 in Caucasian populations varies between 10-20% (www.allelefrequencies .net) (18). Some populations have higher frequencies, such as Italians and Sardinians (18-20%) in comparison with central Europeans (Germans and Austrians, 13-15%), Scandinavians (Norwegians and Swedes, 10-14%) or Bretons and British (10-15%). Whether these differences contribute to the regional variations in prevalence of thyroid autoimmunity should be investigated more thoroughly. HLA-DPB1 now comprises 155 alleles and its variability is increasingly recognized for its importance in bone marrow transplantation (19) .
HLA-DPB1 alleles have been shown to be associated with Graves disease in a study of multiplex families from the U.K. (20, 21) differentiating the risk of HLA-DR17 haplotypes. Graves disease also had a significant association with DPB1*0501, appearing as the major susceptibility gene with a populationattributable risk of 48.4% in a combined case-control and family study of Han Chinese (22) . As Graves disease shows a slightly higher prevalence in Asians, the different frequencies of HLA risk and protection alleles may contribute to this geoepidemiological variation of autoimmune disease as well as to antibody formation (23) (24) (25) . The varying frequencies of HLA-DR, -DQ, and -DP alleles across populations are paralleled by autoimmune disease incidence data with other risk factors such as higher birth weight (26) or viral infections (27) . The high prevalence of TPO in the Asian T1D patients from the T1DGC cohort mirrors this enhanced ethnic susceptibility. Our analysis indicated the HLA class I Cw*1203 allele conferring an enhanced risk (data not shown) to develop thyroid autoimmunity in T1D patients. However, due to the comparatively low number of Asian individuals in this study, there was insufficient power to prove this.
T1D varies across populations with a somewhat slower course of onset in Japanese accompanied by more APS 3 variants (APS3v) and a female predominance. These APS3v patients show an association with DRB1*0405-DQB1*0401 (28) . In the T1DGC Autoantibody Workshop data, we could not identify whether a later onset of T1D is associated with a higher frequency of thyroid autoimmunity. The major antigen in thyroid autoimmunity is TPO (29) . Whether TPO epitopes engage in a specific interaction with the HLA-DR and/or HLA-DP peptide binding pocket in a similar manner as it has been presumed for GAD65, the major T1D antigen, is unknown (8, 30, 31) . As the T1DGC recruited affected sibling pairs and only few simplex cases (as trios), we cannot assess whether the prevalence of AITD in multiplex T1D sibling relationships is higher than in simplex (i.e., sporadic) cases. However, the prevalence of TPO positivity is similar to data reported in earlier studies (14) . These findings have implications for the care of T1D patients, particularly those with Asian ancestry, as these individuals should be HLA genotyped and monitored for thyroid autoimmunity more carefully than the other groups investigated here. However, these results stress that all patients with T1D, particularly those with advancing age and women, need to have regular thyroid monitoring during follow-up investigations. Currently, genetic markers do not permit stratification of those with a higher risk with sufficient specificity. Nonetheless, the identification of risk or protective alleles represents the first step in the process of personalized medicine. Ultimately, unraveling the functional impact of these risk alleles will identify the mechanisms underlying multiple endocrine organ destruction.
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